Abstract: Two main ingredients of plasmonics are surface plasmon polaritons (SPP) and localized surface plasmon resonances (LSPR) as they provide a high degree of concentration of electromagnetic fields in the vicinity of metal surfaces, which is well beyond that allowed by the diffraction limit of optics. Those properties have been used in the new technique of heat assisted magnetic recording (HAMR) to overcome an existing limit of conventional magnetic recording by utilizing a near-field transducer (NFT). The NFT designs are based on excitation of surface plasmons on a metal structure, which re-radiate with a subdiffraction limited light spot confined in the near field. In this paper, we propose a novel "droplet"-shaped NFT, which takes full advantage of a recenltly proposed Mach-Zehnder Interferometer (MZI), a coupling arrangement that allows optimal coupling of light to the transducer. The droplet design ensures better impedance match with the recording media and, consequently, better coupling of power. The droplet design results in very high enhancement of the electric field and allows the confinement of light in a spot size much smaller than the present stateof-the-art lollipop transducer.
free electrons in a suitable metal, which support, as a response, waves of charge density fluctuations on the surface of the metal. These enhanced free electron charge oscillations can propagate along the interface between metal and dielectric, called the surface plasmon polariton (SPP) [3, 4] , with light confined to an area much smaller than that predicted by the diffraction limit, or can exist as localized surface plasmon resonances (LSPR) [2] where the local electromagnetic field intensity can be enhanced by many orders of magnitude. Nanoscale chip level interconnects [5, 6] and power monitors [7] have been realized with SPPs, while with LSPR, ultrasmall optical nanoantennas [8, 9] , detectors [10, 11] , and sensors [12, 13] have been demonstrated.
Recently, the functionality of plasmonics was extended to data storage applications where metallic nanoscale antennae, called near field transducers (NFT), are used to shrink the optical focused spot far below the classical diffraction limit down to a size of tens of nanometers. The NFT enables a new technique called heat-assisted magnetic recording (HAMR) to overcome an impending limit in the areal density of bits using conventional perpendicular magnetic recording [14, 15] . HAMR uses the NFT to locally heat the magnetic recording medium composed of very high-anisotropy materials needed to maintain thermal stability of the data at a nanoscale. This lowers its coercivity and enables the recording of information at dimensions of tens of nanometers.
The NFT design is based on the excitation of surface plasmons by laser light on a structured metal structure, which concentrates the energy to a subdiffraction limited spot [16] [17] [18] . Current transducer designs ( Fig. 1(a) ) suffer from low coupling efficiency of energy to the recording medium, which, in turn, leads to large self-heating, which degrades the performance of the transducer. These issues can be addressed though the implementation of a new coupling arrangement [19] that is based on the MachZehnder interferometer (MZI) design ( Fig. 1(b) ) [20, 21] or avoided by the use of plasmonic materials, which have much higher melting temperatures [22] . In the proposed MZI design, the NFT is located at the output junction as shown in Fig. 1(b) and, at resonance, the surface charge oscillates along the length of the transducer to generate an electric field at the tip of the peg that couples energy into the medium. In this coupling design, depending on the desired resonance mode of the NFT, it is possible to adjust the coupling angle from the waveguide arms and to achieve a desired phase shift between both arms of the MZI (Fig. 1(c) and (d)). The phase shift can be realized either statically by designing the MZI with different arm lengths or dynamically by introducing a phase shift between both arms electrically through thermo-optic or electro-optic modulation. The phase shift between both arms of the MZI is required to excite some resonance modes of the transducer.
Furthermore, the power transfer can be improved by better matching of the transducer impedance with that of the media [23] [24] [25] [26] . This can be addressed either by lowering the media impedance, which is not easy, or by increasing the transducer impedance, which can be achieved by increasing the transducer length. Increasing the transducer dimensions means that the transducer should be working based on higher order modes. Thus, the search for better transducer design is of special importance for further progress in data storage applications.
In this paper, transducer geometries were investigated using three-dimensional finite element method (FEM) simulations using the commercial software COMSOL Multiphysics. FEM is a well-known technique for the numerical solution of partial differential equations or integral equations, where the region of interest is subdivided into small segments and the partial differential equation is replaced with a corresponding functional. For all geometrical configurations, the simulation domain is truncated using perfectly matched layers in order to suppress artificial scattering from the truncation boundaries. The paper is organized as follows: in first section, the current stateof-the-art lollipop transducer will be discussed in terms of the electric field enhancement, hotspot/sidelobe ratio, and spot size. In section 2, a new droplet transducer will be investigated and its characteristics will be compared with the lollipop transducer. In section 3, the influence of the transducer length on the overall transducer characteristics will be analyzed and finally, conclusions and future prospects are presented.
Lollipop transducer
Among many different transducer designs such as triangle antenna [27] , C aperture [28] , chevron antenna [29] , Eantenna [15] , bowtie antenna [30, 31] , bowtie aperture [30, 31] , and "nanobeak" design [32, 33] , a lollipop transducer (Fig. 2) [14, 19, 34] has earned a lot of interest because of its functionality, efficiency, and small spot size. Furthermore, it enables easy integration with a planar waveguide geometry and, as a consequence, with a laser light source. While the original HAMR head design uses a planar solid immersion mirror (PSIM) arrangement [14] to couple light to the transducer, our recent simulations showed that the transducer efficiency can be improved by implementation of a coupling schema based on the MZI waveguide arrangement with a TE 00 -supported photonic mode [19] . In this coupling design ( Fig. 1(c) ), it is possible to arrange the coupling angle from the waveguide arms to the transducer in order to match the illumination from the waveguide to the radiation pattern of the antenna.
One of the obstacles to the efficient coupling of power from the NFT to the media is the inherent mismatch between the media impedance (~1 kΩ) and the radiation resistance of the NFT [23] [24] [25] [26] . As the radiation resistance de-pends on the size of the antenna, the coupling efficiency can be increased by using a larger antenna, which can support higher order resonance modes. Each resonance mode is characterized by different charge distributions. Thus, depending on the desired mode of the transducer, different coupling arrangements should be considered. To excite a quadrupole mode on the lollipop transducer with two beams from a MZI, a coupling angle of 90°with a π-phase shift between both MZI arms will achieve a charge distribution on the lollipop, which results in a maximum electric field at the termination of the peg ( Fig. 2(a) ). The maximum electric field enhancement relative to the incident amplitude E 0 , for disk dimensions as presented in Fig. 2 (a) and (c) and with the thickness of the antenna -composed of gold -being of 20 nm corresponds to a quadrupole excited mode with a resonant wavelength of λ = 810 nm with an image plane (assumed gold to represent the recording media) placed at a distance of 7.5 nm from the termination of the peg. The cross-section of the electric field enhancement at a distance of 7 nm from the peg (0.5 nm from the image plane) in the plane perpendicular to the transducer and taken at the center of the peg width revealed a field enhancement of~20 and a hotspot/sidelobe ratio around 5.6, which is a good fit to both experimental [34] and previously reported theoretical data [35] . Simultaneously, the hotspot width of 37 nm, determined from the simulations, is mostly determined by the peg dimensions.
The transducers are designed to operate in the wavelength range of 780-900 nm as this range is compatible with high-efficiency semiconductor laser sources. The resonant wavelength of λ = 860 nm was chosen for a larger disk of r = 110 nm, which is excited by two beams coupled with a 180°angle (Fig. 2(b) ). For such a coupling arrangement and with a π-phase shift between both MZI beams, the higher order hexapole mode can be excited on the lollipop transducer with a field enhancement reaching~8 and slightly higher hotspot/sidelobe ratio of 6.4 ( Fig. 2(c) ). The hotspot width was calculated to be 44 nm and it is mostly determined by the peg width. It should be mentioned that all calculations were performed for the transducer embedded in a material with permittivity ε mat = 2. The material between the transducer and image plane was assumed to be εspace = 2.
Droplet transducer
We investigate a droplet design for the NFT that is obtained by combining two circular disks, separated by a desired distance with a rectangular stripe and which is terminated with a triangular taper (Fig. 3) . Here we show the enhanced qualities of this design to efficiently couple light to the recording medium. Depending on the desired mode of the transducer the separation between disks can change from zero, that correspond to one single circular disk, to a few hundreds of nanometers where high order modes are supported. To excite the proper SPP resonance, the incident light must be polarized transverse to the NFT with the light coupled to the transducer from both sides of NFT with a π-phase shift. This can be achieved either by locating the transducer at the focus of a PSIM or by the MZI-light delivery system [19] , which enhances the coupling efficiency and provides more flexibility in the coupling angle to the NFT. Similar to the lollipop transducer, the droplet transducer can be designed to allow quadrupole-like and higher order modes.
As previously mentioned, for HAMR applications, a longer transducer is preferred as the radiation resistance of antenna depends on its size (length) and, as a consequence, it better matches the recording media impedance. In our design, the longer droplet transducer design meets this specific requirement and thus ensures better coupling efficiency. Similarly to other transducer designs, it con- verts the incident propagating optical radiation into localized energy that is stored on the transducer with the long rounded-rectangular part working as a charge reservoir as in the case of the lollipop transducer. To efficiently couple the energy and minimize the spot size on the recording media, the NFT is terminated with a taper that squeezes the light to obtain high-field confinement in the vicinity of the media. To further increase the field enhancement and strong energy localization, an image plane is added to represent the media that enhances the field in the narrow gap between the transducer and the plate. Unlike a resonant effect in the transducer, the enhancement of electric field in the gap is a nonresonant effect that is associated with a build-up of charge of the opposite sign across the gap.
Similar to the lollipop transducer, all calculations for the droplet transducer were performed for the transducer embedded in a material with permittivity ε mat = 2. The material between the transducer and image plane was assumed to be εspace = 2.
Quadrupole mode and wavelength dependence
For the purpose of easy integration of the magnetic-write pole with the transducer on the same chip the MZI with a 180°coupling arrangement was chosen for all calculations in this paper. With such an arrangement, the magneticwrite pole can be placed in the center of the MZI, between both arms of the interferometer and far from the propagating mode to avoid blocking of the intended light path. While we expect that other excitation angles can be favorable in terms of the field enhancement, they were not examined here. For the calculations the thickness, t, of the droplet transducer and its curvatures r and r 1 were kept constant at t = 20 nm, r = 50 nm, and r 1 = 10 nm. The distance between the transducer and the image plane was kept at d = 7.5 nm and the simulations were performed for the same taper length. In addition to the radiation resistance, two other parameters that define the performance of the transducer for HAMR applications are the electric field enhancement and the absorption cross-section (ACS). The field enhancement translates to the temperature increase on the recording media while the ACS, defined as the ratio of absorbed power within transducer to the incident power, determines the transducer durability as high absorbed power by transducer increases its temperature and, as a consequence, degrades its performance.
The electric field enhancement in the cross-section through a transducer shows peaks that are associated with transducer modes (Fig. 4(e) ). For the shortest droplet transducer with separation parameter h = 50 nm, the electric field enhancement reaches over 220 for a wavelength of λ = 790 nm with a charge distribution corresponding to a quadrupole mode excited in the transducer (Fig. 4(a) and  (b) ). The electric field enhancement at the plane perpendicular to the transducer and at a distance of 7 nm from transducer ( Fig. 4(b) below) reaches~60, which shows significant improvement when compared to the lollipop transducer (Fig. 2) that shows a field enhancement of~20. Simultaneously, the droplet transducer is much better in other aspects such as the hotspot/sidelobe ratio calculated at 34 and a hotspot width of a 32 nm (Fig. 4(c) ) compared to 5.6 and width of a 37 nm for lollipop transducer (Fig. 2) . The electric field enhancement for investigated droplet transducer almost exactly corresponds to the wavelengths for the maximum in the ACS. For transducers with h = 50 nm, 100, 200, and 300 nm, a maximum for |E|/E 0 was calculated at wavelengths of 790, 670, 850, and 790 nm while the maximum ACS was at 770, 660, 830, and 780 nm, respectively. However, with the increase in transducer length higher order modes can be supported.
Higher-order modes
For the HAMR application, the longer transducers are preferred as they provide a better impedance match with the recording media. As the length of the transducer increases, the higher order modes are supported in the preferred wavelength range of 780-900 nm. For a transducer with h = 200 nm, the hexapole mode with the maximum electric field enhancement occurs at a wavelength of λ = 850 nm (Fig. 4(e) ) with a characteristic electric field dis- tribution shown in Fig. 5(c), (d) . This transducer length is sufficient to support even higher order octupole mode at shorter wavelengths. The maximum electric field enhancement associated with this mode is localized at wavelength of λ = 670 nm ( Fig. 5(a), (b) ). The electric field enhancement at a distance of 7 nm from the transducer and in the plane perpendicular to the transducer show field enhancement of~41 and~34 for the transducers supporting resonant hexapole and octupole modes respectively (Fig. 5(e) ).
The hotspot/sidelobe ratio calculated for the hexapole mode is 20.5 and is slightly higher than for the octupole mode, 14.5, which is, however, at the cost of mode size calculated at 32 nm and 28 nm for the hexapole and octupole modes, respectively.
Increasing the droplet transducer length from h = 200 nm to h = 300 nm shifts the resonant transducer wavelength from λ = 670 nm (Fig. 5(a), (b) ) to λ = 790 nm (Fig. 5(f), (g) ) while keeping the electric field enhancement at~41, similar to the hexapole mode supported by a shorter transducer with h = 200 nm. On the contrary, an increase of the hotspot/sidelobe ratio to 29.6 is observed with spot size calculated at 32 nm.
Droplet versus lollipop transducers
To show the superior properties of our novel transducer design, both transducers, droplet and lollipop, were compared in terms of electric field enhancement, spot size, and hotspot/sidelobe ratio taken at the distance of 7 nm from transducer. The droplet transducer was chosen with h = 200 nm, r = 50 nm, and with a flat taper at the termination with the width of 10 nm giving overall length of 320 nm (Fig. 6(d) and (c) ). The lollipop transducer was chosen with a disk radius of 110 nm, and peg length of 20 nm.
To be consistent with a droplet transducer the peg width was taken at 10 nm (Fig. 6(f) ). For both transducers the thickness was kept at 20 nm. The electric field taken at a distance of 7 nm from droplet transducer show very strong resonance behavior at the wavelength range of 650-900 nm with two maxima of 38 and~60 corresponding to the octupolar (λ =680 nm) and hexapolar (λ =840 nm) modes, respectively.
The corresponding electric field enhancement for the lollipop transducer hardly reaches 5 at resonance, which corresponds to the hexapolar mode located at λ = 760 nm. In addition, the droplet transducer shows superior prop- erties over the lollipop transducer design even for the hotspot/sidelobe ratio defined here in terms of the electric field rather than temperature. This parameterization is realistic as the electric field at the recording media translates directly to the power absorbed by the media and, consequently, on the temperature rise in it. Depending on the particular mode of the droplet transducer, the hotspot/sidelobe ratio was calculated at 14 and 32 for octupolar and hexapolar modes, respectively, while for lollipop transducer, it reaches 5 at the optimal, resonant condition. A high aspect ratio is very important parameter for HAMR applications in order to avoid heating undesired places on the media. The hotspot width for the lollipop transducer is mostly defined by the width of the peg. For a 10 nm peg width, the hotspot width was calculated at 23 nm, which is slightly better compared to the droplet transducer with termination taper width of 10 nm where the width is calculated at 28-32 nm. One way to reduce the hotspot width for the droplet transducer is by making the taper longer. It is expected it will only slightly decreases the field enhancement. However, for lollipop transducer the width of the peg has a stronger influence on the field enhancement. The smaller peg width means less charge collected by the disk is transferred to the peg which translates to a smaller field enhancement. Thus, the dependence between field enhancement and spot size for lollipop transducer is much stronger compared to the droplet transducer (Figs. 2 and 5 ).
Conclusion
The NFT is a key component in HAMR system that is required to efficiently deliver sufficient optical energy into the recording medium at nanometric dimensions. Thus, the design of efficient transducers is of special importance for further development and progress in HAMR-based technology. Here, a novel droplet near-field transducer (NFT) showing considerable improvement in most parameters such as field enhancement, spot size, hotspot/sidelobe ratio, and coupling efficiency to a recording media is presented and compared with the lollipop design. As with many other transducer designs, it is based on the nanoantenna principals taking advantage of resonant amplification to achieve sufficient coupling efficiency and spatial resolution. To enhance the coupling efficiency, the match between the heating media impedance and the transducer radiation resistance is desired. As the radiation resistance is directly proportional to the size of antenna, an extended droplet transducer was designed, which, in turn, functions with higher order modes. Furthermore, the resonant wavelength can be easily adjusted by fitting the transducer dimensions to the preferred wavelength range. Increase of the transducer length and width redshifts the resonance wavelength while an increase of its thickness shifts the resonance to shorter wavelengths (blueshift). The spatial resolution of the heating spot size is mostly determined by the angle of taper and its curvature. Thus, the longer taper with a smaller curvature should result in smaller spot sizes and higher temperature gradient in the recording media. The droplet transducer takes advantage of the previously reported novel coupling schema that is based on the MZI-coupling arrangement [19] that allows coupling of light to a transducer at an optimal angle to achieve the desired charge distribution. Simultaneously, it avoids undesired charge distributions, which do not affect the coupling efficiency but rather degrade the performance of the transducer by enhanced self-absorption and temperature increase.
